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ABSTRACT

Approximate potential energy surfaces for the two lowest singlet
states of H; are calculated using a Cashion-Herschbach approach. The
non-adiabatic terms which couple these surfaces can be directly computed
in this approximation. From the magnitudes of these coupling terms
it is apparent that, for excitation energies below about 10 eV, non-
adiabatic transitions must be confined almost entirely to a region local-
ized at the avoided crossing of the two surfaces. This fact suggests the
following simplified picture of the dynamics of the H+ + H2 reaction:

As the H+ and H2 in a low vibrational state approach, tbey remain on the
lower potential surface (there is no initial electron jump). They continue
to adiabaticélly follow the lower surface in the close-collision region,

so the probability of a non-~-adiabatic transition does not appear to be re-
lated to the lifetime of the collision complex. It is while the products
are receding that electronic transitions become important. Consequences of
this model on the threshold for formation of H;

vibrational energy in the products are discussed, and a comparison with

and on the partition of

recent experiments of Krenos and Wolfgang is included,




I. INTRODUCTION

The reaction
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(1a)

+ H, AR 1.835 ev, (1v)

as well as many of its deuterium isotopic variations, has recently
been investigated experimentally. Cross-sections and product
translationél energy distributions have been measured as a function
of initial collision energy by Krenos and Wolfgang,1 and by
Holliday, Muckefman and Friedman.Z

These reactions are of fundamental importance because they
provide an excellent opportunity for direct, meahingful éomparison
between experiment and theory. Hg is a two—electrgn system for
which it 1s presently feasible to perform accurate ab initio
calculétions of poténtial energy surfaces.3 In spite of this
simplicity, however, these reactions exhibit features such as
charge transfer, rearrangements and dissociation that are impor-
tant in the most complicated chemical reactions.

Csizmadia, Polanyi, Roach and Wongu have recently reported
a three-dimensional classical trajectory calculation of the

dynamics of the reaction

D"+ H, » H + HD, (2)
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using the ab initio poteﬂtial surface of réferehce 3. This
calculation was performed for center-of-mass collision energies
of 3, 4.5 and 6 eV. Unfortunately, this study is of limited
value because it does not take into account nonfadiabatic inter-
action with a second potential energy surface. This interaction
can be seen from experiment to be very important because at
energies above its threshold the observed cross-section of channel
(1b) is roughly equal to that of (1a).1’2

The reason that there exists such a strong interaction
between the two surfaces can be seen from Fig. 1? which plots
the potential energy curves for the ground states of H2 and HZ
with a common asymptoté. We can define a configuration of H§
by specifying the coordinates Rl, R2 and R3, the distances between
nuclel a and b, b and ¢, and a and ¢, respectively. The cur#es of
g}g. 1l can then be thought of és slices of the lowest Hg‘potential
surfaces for configurations R2=R3aw§ i.e., one curve correspdndé
to H2 plus asymptotically distant.H+ and the other to H; plus
asymptotically distant H. As is shown in Fig. 1, these curves
cross at R1z2.5 a.u. If the third nucleus is now brought cléser
(R2 and R3 large but finite), the state correlating with HZ plus
3

H Splits into two surfaces, a singlet and a triplet (lz+ and Z+

in linear configurations). The surface correlating with H2 plus
H+ is also l£+ in linear configurations, and so the crossing of
the two singlet surfaces becomes avoided. As a result, each of

these surfaces has fegions for which the electronic configuration
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is approximately that of H2+H+ and other regions for which it
is approximately that of HZ+H. It is this avoided crossing that
is responsible for the large probability of formation of channel
(1p).° |

In the present paper we discuss In more detail the nature
of the two important potential surfaces and of their non-adiabatic
coupling. We then reexamine the dynamics of reaction (1) in the
0-10 eV collision energy rangé. Using qualitative arguments, we
make several predictions about its mechanism, as well as a pre-
liminary comparison with experiment. We shall report quantitative

7

"pesults in a future paper.

1T, THE POTENTIAL SURFACES

In order to accurately describe reaction (1); it is necessary
to possess‘knowledge of the lowest two singlet electronic states
of H;, and the non-adiabatic coupling between these states. The
. Born-Oppenhelimer electronic states of H; have been the objecﬁ of
séveral»extensive ab initio calculations.3’8’9' As a result of
this work, the ground electronic surfabe-is known guite accuratéiy.
- However, the lowest excited singlet state has been computed for

only a few nuclear configuratidns,B’lo"l2

and calculations of the
magnitgdevof the coupling between these surfaces due to nuclear
motion has not previously been reported.

We have chosen to compute the potential surfaces'by a very

" approximate method based on the London approach. The coulomb



and exchange integrals that arise are computed using the method
of Cashion and Herschbach.l3 Thus, we deslignate this the LCH

approach.14 This method has several advantages in addition to

+
3

in terms of the electronic structures of the fragments of which

its simplicity.15 It expresses the electronic structure of H

it is composed, H2 + H+ and H; + H; i.e.,1t uses directly Just
those configurations which we intultively know are responsible
for the crossing‘of the surfaces in this system. Secondly, it
allows the non-adiabétic coupling terms to be calculated in a
very straightforward way (see Sec. III). The dangers involved
in using an approximaté, non-variational method of this type are
very real. However, these dangers are substantially minimized
for this system because of the availability of accurate variational
calculations of both of the electronic states of interest. The
valildity 6f the LCH results can be directly tested by comparison
with.accurate calculations at those nuclear configurations for
which the latter are available.

Using the LCH method, the two energy levels of interest are
simply the lowest two elgenvalues of é symmetric 3x3 matrix giﬁen

by17

. - Br LU g u
Hll = El + ( E2+ E2+ E3+ EB)/2 - ZEH
- (Bp U
= (& Uy
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El is the electronic energy of the 12; ground state of H2,
evaluated at internuclear distance Rl' 5. and “E, are the

1 1
energles of the 22; ground state and 22: first excited state

of H;, respectively, evaluated at Rl' EH is the energy of the
1S state of H, -.5 a.u. The analytic functibns of Pedersen and
Porter were used to gompute the values of El’ gE1 and uEl.l8

The form of the attractive ground state potential, as cal-
culated by the LCH method, 1s shown fpr linear configurations in
Fig. 2. The minimum energy for linear configurations is -1.299 a.u.
located at R1=R2=R3/2=1.53 a.u. ConroyBCOmputed a -value of
-1.280 . a.u. at R1=R2=R3/2=1.54 a.u. The lowest point on the
- ground state surface oceurs in an equilateral confilguration, for
which the LCH method gives an overall minimum at R1=R2=R3=1.73'a.u.
with an energy of -1.356 a.u. ?onroy8 obtained a value of -1.348 a.u.

at R1=R2=R3

=1.65 a.u.
The first excited singlet state computed by the LCH approach
is a typical repulsive potential. The same result was found by

a number of earlier caiculations for the few configurations for

N
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which numbers were reported. Fig. 3 shows an energy

contour of the linear configurations. It has the same general
shape aslthe ground state of H3. The saddle point 1s located

at Rl=Rz=R3/2=3.O a.u. The energy of the saddle point is

+
2

5 + H+). Conroy8 has reported pbints on this surface at some

2.17 eV above that of separated H, + H (4.13 eV above separated

H
02v configurations. The dgreement for this state 1s not as good
as for the grouna state.19 Conroy8 obtained -0.968 a.u. compared
to the LCH result of -1.014 a.u. at R,=R

172
equilateral configuration R1=R2=R3=3.0 a.u., he reported an energy

=R3/2=2.5 a.u. For the

of -0.908.a.u. compared to the LCH result of -0.901 a.u.

The separation between the two surfaces is found to be largest
in equilateral confiéurations and smallest in linear configurations.
The non-adiabatic coupling between thg states 1s correspondingly
greatest for linear configurations.

" For equilateral configurations, the symmetry of the first

excited singlet is 1

E'; it becomes degenerate with another excited
. state which 1s associated with the third eigenvalue of the matrix
(3). This is an example of a conical intersection as discussed by
Teller,20 but since this crossing lies above the 1limit for 3 body
dissociation it must play a very small role in the dynamics of
reaction (1). The avoided surface crossing responsible for the
appearance bf channel (1b) is nof of this type. It can be pilc~
tured in Fig. 4. The two solid‘linesvare-slices of the linear

potential surfaces of Flgs. 2 and 3 taken at RI?S a.u. Comparison
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with Fig. 1 shows that as the third body is brought closer,
the degeneracy at-R=2.5 1s removed. Therefore, for large Rl
one would expect trajectories to follow dilabatic curves which

look similar to those of Fig. 1. For smaller Rl, as the surfaces

sepafate, low energy trajectories should have a greater tendency

to follow adiabatic curves like those pictured in Fig. 4.

ITI. NON-ADIABATIC COUPLING

In order to determine at what point this transition between
diabatic and adiabatic behavior‘occurs, and indeed to what extent
such a simplified picture is valid at all, it is necessary to
consider the off-diagonal coupling'between the two adiabatic
surfaces. The total Hamiltonian H for the system is the sum of
the clamped nuclei part, HO, and the nuclear kinetic energy

operator, TN:

H =Ty + Ho’ (4)
where
1 2
T, = ~S[s=— V] (5
N N 2mN N

The usual adiabatic electronic wave functions ¢;(R;r) are eigen-

functions of Ho:
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where r refers to electronic coordinates and R to nuclear
coordinates.

Let us now obtain eigenfunctions of the total Hémiltonian
(4) in the two-state apprbximation; i.e., we choose the total

wave function ?(@,g) to be of the form
Y(Bsf) = Xl(fj)q)l(fjstg) +'X2(13)¢2(Ij;]3)- (7)

Operating on ¥ with (U) and multiplying from the left by <¢J(R;r)|,
J=1,2, results in two coupled equations for the nuclear wave

functions xi(Iz):21

- ‘ o = . 1
[Hy3-Eq Ixy (R) = 2oy (B3p) [Tyl 05 (520> =Ty o () (8a)
- . SR
[Hy,~E, IX,(R) = §<¢2(13,{')1le¢1(§,,{')> mNYle(Ij). (8b)
Here we have used the relation
<1 (B2 | 720, (R52)> = 0, (9)

which 1s easily shown to be valld in the strict two-state approxi-
mation as a consequence of choosing the ¢'s to be real and

normalized. The terms on the rhs of Egs. (8) responsible for
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coupling the two adlabatic states depend on the nuclear veloci-

ties, %EYNXi’ mulﬁiplied by matrix elements of the form

20, 90,
<y lgg™> = —<tlgg™> - (10)

In the LCH approach one implicitly expresses the electronic
wave functions ¢3 in terms of undetermined basis functions Uy

which are assumed to be orthogonal (neglect of overlap):
¢, = IC,.u (11)
J i ijvi

The off-diagonal matrix elements (10) can be expressed in terms

of these functions:

¢ ac du
2y = _i2 —d
“hlzg> = v * 123011032<ui|dR > (12)
3

Consistent with neglect of overlap, we set

du
<ui|a§l> = 0, i#g. (13)

For uy real and normalized, relation (13) is true for i=] as

well, so

3¢, ac

<lyg> =20 (24)
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These terms can easily be calculated from derivatives of matrix

elements of the LCH Hamiltonian (3):

2. - .
<¢1l§ﬁ§> = <¢1|D]¢2>/[E2—El] R (15)

where the matrix D is defined by

D = HiJ s

y (16)

slar
=

and we have used the relation [Ho—Ei]¢iﬁO',

Since we have expressed Hij in analytic'form (Eq. 3), we
can easily obtain Dij in analytic form. The obvious simplicity
of this method in coﬁparison with numerical procedures suggests
that this and related approaches might be extremely valuable in
obtaining a semi-quantitative understanding of non-adlabatic
22

effects in many more complicated systems.

‘The dashed line of Fig. 4 is the matrix element
<¢1|§ﬁz>R1=5 a0, Figures 5 and show contour maps of the matrix
elements <¢ !3 2 > and <¢ |a¢2 >, respectively.23 It can
1'8(R{¥R,) 115 (R-R,) 2 p I

immediately be seen from these figures that the coupling terms are
very large only at the avoided crossing (R1 or R2=2.5 a.u.), and
for very sméll values of Rl or R2. In the region of the crossing

, 26

(R,=2.5 a.u., R 25 a.u.) the element <¢ [4—g> becomes very large;
2 1 A 1 3R2
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39,
<¢l| > remains relatively small. Therefore it is vibrational
l

motion, not translational, that is most effective in producing
non-adiabatic transitions.

To obtain a rough quantitative idea of the relation between
the magnitude of the coupling term (10) and the resulting pro-
bability of non—adiabafic transition, we can make use of the

Massey par*ameter:zu

e,
lEl—Ezl/[V<¢ll'a'R'—>] . (17)

w>>1 is the condition for weak coupling. For the H; system the

separation between the two electronic surfaces ]El—EZI can vary
between 0 and 1 a.u. in the regions of interést. Taking a
typical value of .03 a.u. and setting the velocitj V=,01 a.u.
(2x106 cm/sec, corresponding to kinetic energies of a few volts)

0¢
we find for <¢115§g>=1 that w=3; i.e., roughly speaking for

3¢
<¢ll§§g>21 a.u. the coupling is strong enough to induce non-

adiabatic transitions with singificant probablllty For
99,
<¢1[aR —=> <1 a.u., non-adiabatic transitions are relatively unlikely

at energles of only a few eV,

IV. DISCUSSION

Even without performing calculations on the dynamics of
reaction (1) we can obtain some qualitative insight into its

mechanisng In any system such.as this for which two or more
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adiabatic electronic potential surfaces are~knoﬁn to interact
strongly, there exists the possibility that the nuclei cannot

be described eveh approximately as moving on any one potential
surface at any given instant (with perhaps occasional jumps be-
tween surféces). Rather the nuclel might experience an effective
potential which is not associated with a single surface but is
some kind of average. This would be expected to be true if the
coupling terms rémained significant over a large region of
configuration space. It could be the case even below the threshold
for formation of electronically excited products if the upper
surface(s) has attractive regions or if "virtual transitions"

to classically forbiddén regions of an upper surface were impor-
taﬁt. In the H; system the small masses of thé nuclei make such
a situation seem more likely. However, from Figs. 5 and 6 wé

see that, excluding regions of‘very small R, the coupling terms

25 localized at the avoided crossing.

are large only along a line
Thus .1t seems likely that away from this crossing seam where the
Anon—adiabatic effects are quite small, for low energy collisions,
the motion of the nuclei can be treated to a reasonable approxi-
mation quasi-classically on one or the other potential surface.
it-is this approximation and nof the accuracy of the individual
surfaces that may well turn out to be the limiting factor in
obtaining accurate trajectories that proceed through the dotted
or crossed hatched areas of Figs. 5 and 6. The extent to which

this is true is presently being examined quantitativély.26
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In light of this, the mechanism of reaction (1) can be

visualized in the following way. If H, is initially in a low

2
vibrational state (vsl) then its vibrational amplitude will be
insufficient to reach the crossing seam, and therefore non-
adiabatlc transitions should not occur as the gt and H2 approach
at large distances; i.é., an initial electron jump 1s very
improbable. (Charge transfer at large distances could occur

if H2 was initiaily exclited aﬁove the v=4 level.) The regions
of large coupling at'small internuclear separations are not
energetlically accessible for collision energies below 10 eV, so
as the particles collide they are still unlikely to undergo a
non-adiabatic transition. Similarly,.as the nuclei move in the
region of the deep potential well of the lower surface, they
should follow that surface adiabatically. This can be seen from
the size éf the coupling terms in Figs. 5 and 6.7 This is
chiéfly a reflection of the fact that for those cpnfigurations
for which the lower energy surface is very attractive, the upper
surface is correspondingly repulsive. Therefore the two surfaces
have a large energy separation and sméll interaction in this
region. In fact, a large part'of the upper surface in this
regilon is classically forbidden for collision energies below
about 5 eV. Thus it appears probable that, contrary to the
suggestion of Holliday, et.al.,2 the lifetime of the collision
complex has little to do with the likelihood of occufrence of

an internal conversion. Rather, the electronic configuration of

the_products; channel (la) vs. (1lb), is determined as the produdts
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separate and move back and forth through the crossing seam.
The question of whether or not the reaction does in fact
involve a long-lived intermediate cannot be answered without
detailed calculations. ’
The quasi-classical trajectory calculations of Csizmadia,
et.al.q considered motion on the ground stéte surface alone,
and were restricted to the describtion of the thermoneutral
product (2) only; Such a calculation should be accurate for
collision energies below about 2.2 eV because the trajectories
could not reach the crossing seam. In the range 3 to 6 eV for
whiéh their calculations were carried out, however, the calcula-
tions are not meaningful even for the description of the thermo-
neutral channel (2).i This 1s due to the fact that after colli-
sion, as the separation between products increases, trajectories
should follow a diabatic rather than én adiabatic surface when
passing through the seam. But this breakdown of the calculation
occurs only when the products are receding; Before product
. separation trajectories should, except for rare cases, evolve
essentially entirely on the lower surface. Therefore the conclu-
sions of Csizmadia, et.al.u as to the complex vs. direct nature
of the reaction mechanism shoul@ be meaningful, even at energiles
of 3 to 6 eV,
Because the upper surface ié repulsive, the crossing seam
achieves its 1owestvenérgy in the asymptotic region. Therefore
we can make some predictions concerning the H; reaction threshold

and the partitioning of vibrational energy in the pfoducts, based
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on the asymptotic potential curves shown in Fig. 1.28 In

order for HZ product to be formed with significant probability,
the system must have enough energy to reaéh the crossing seam,

As shown in Fig. 1, this effectively requires that there be -
enough energy to form H; in its v=1 state. This results in a
predicted threshold for reaction (1b) of 2.106 eV, rather than
1.835 eV obtained from thermodynamic considerations.

- Now consider reaction (1) as the initial energy is increased
from below to above the threshold for formation of H;' The H2
produced in the initial close collision with vibrational quantum
nﬁmber Sl should not be affected much by the opening of the new
channel, because their vibrational amplitude is not large enough
to reach the crossing seam. Note that, as shown in Fig. 1, the
v=4 level lies above the v=0 level of HZ but not above the crossing
energy. H2 formed with vs4 can reach.the crossing and should be

depleted by competition with the H; channel. Thus H, should be

2
formed with predominantly low vibrational energy. Similarly,

~virtually no H; should be formed with v=0. Furthermore, from

dynamic considerations it is expected that very little HZ will be
formed in the v=1 level.29

30

Recently in this laboratory Krenos and Wolfgang have

measured the velocity distributlon of H; formed in reaction (i).
Fig. 7 compares their experimentél HZ product velocity distri-
bution to two distributions obtained by the phase space theory.31’32
In one of the phase space calculations all energetically accessible

vibrational levels were included, while in the second the v=0 and
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v=1 states were omitted. It can be seen that the agreement
is better i1f the v=0 and v=1 levels are left out of the
calculation, suggesting that H; is indeed formed with vibra-
tional energy higher than that which would be expected from
statistical arguments.33
These predictions have been based on the assumption that
the H; system does involve a locallzed avoilded surface crossing
rather than strohg non—adiabaﬁic coupling over a large region
of configuration,spaée. If this assumption is valid, as is
indicated by Figs. 5 and 6, then it suggests that the dynamics
of reaction (1) can be treated by an extension of the quasi-
classical trajectory approach. The motion of the nuclei would
be described by a classical trajectory on the initial potential
surface until it reached the crossing seam. At this point a
decision would be made as to whether or not the system jumped to
the other surface, according to a probability function P(@,Y).
The trajectory would then be continued classically on whichever
surface was indicated, with a small velocity correction if it
did switch surfaces, until it again réached the seam. The pro-
bability function P(Q,Y) would depend, in general, on position R
and velocity Y. It could be chbsen in any of a number of ways
such as a simple step function (P=1 or 0), a Landau-Zener type
expreséion or perhaps even by actual numerical integration of the
coupled equations through the seam. Calculations along this line
are currently being cafried out‘in conjunction with a study of

the validity of this approach.2?
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FIGURE CAPTIONS

Fig. 1 Potential curves of the ground states of H2 and HZ,
drawn with the same asymptote, showlng the crossing

at R=2.5 a.u.

Fig. 2 Potential energy surface for the ground state of linear
Hg. R1 and R2 are in a.u. and'energies in eV relative

to dissociated particles.

Fig. 3 Potential energy surface for the flirst excited singlet

state of linear H+.

3
Fig. 4 Sections of the two loWest singlet surfaces of H;,
showing their avoided ¢rossing.
Fig. 5 Contour map of the non-adiabatic coupling terms for
the linear symmetric vibrationalvade. R R, and

12 72
the coupling matrix elément are in a.u.

Fig. 6 Contour map of the non-adiabatic coupling terms for the

linear asymmetric vibrational mode.

Pig. 7 Intensity of H; producﬁ formed in reaction (1) for
initial collision energy of 2.88 eV. Sdlid line is
experiment, dotted line is phase space prediction,
and dashed line is phase space prediction with v=0

‘and v=1 levels omitted.
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